ABSTRACT: Bacterial biofilms are highly resistant to common antibacterial treatments, and several physiological explanations have been offered to explain the recalcitrant nature of bacterial biofilms. Herein, a biophysical aspect of biofilm recalcitrance is being reported on. While engineering structures are often overdesigned with a factor of safety (FOS) usually under 10, experimental measurements of biofilm cohesive strength suggest that the FOS is on the order of thousands. In other words, bacterial biofilms appear to be designed to withstand extreme forces rather than typical or average loads. In scenarios requiring the removal or control of unwanted biofilms, this emphasizes the importance of considering strategies for structurally weakening the biofilms in conjunction with bacterial inactivation.
Introduction
Biofilms are sessile communities of bacteria housed in a selfproduced adhesive matrix consisting of extracellular polymeric substances (EPS), including polysaccharides, proteins, lipids, and DNA. Bacterial biofilms inhabit niches from water distribution system pipes to human lungs. 1, 2 Microorganisms in biofilms and biofilms themselves are highly persistent despite the efforts to eradicate them with antimicrobials (eg, antibiotics and chlorine) and physical removal (eg, brushing, scraping, flushing, and coughing).
Over the years, several physiological explanations have been offered to possibly explain the remarkable recalcitrance of bacterial biofilms. Some of the suggested mechanisms include diffusion limitation, microscale chemical gradients, existence of altered chemical microenvironments, and existence of recalcitrant bacterial phenotypes within the biofilm. 3, 4 Recently, some researchers have also attributed biofilm resistance to the presence of sack-like structures within the biofilm EPS. 5 These unusual structures, made up of lipids, contain (or hide) several bacterial cells in a separate enclosure within the EPS. However, further work is needed to demonstrate the occurrence of these lipid sacks and to elucidate their specific antibiotic resistance characteristics, if any. In general, more specific investigations are needed to clearly understand the individual or collective role of these suggested physiological mechanisms in biofilm resistance and recalcitrance.
Surprisingly, apart from these physiological explanations, there has been very little focus on the biophysical aspects of biofilm persistence in natural and engineered environments. Shaw et al 6 was perhaps the first to highlight biofilm viscoelastic properties as a biofilm survival mechanism. In a recent review article, Stewart 7 also highlighted biofilm mechanical properties as a likely basis for the tenacity of biofilm-induced infections in the human body. Nevertheless, this particular aspect of biofilm recalcitrance has received very little attention, and the link between biophysical measurements and biofilm recalcitrance has not been widely explored. This is somewhat surprising given the considerable efforts and progress that have been made toward measurement and understanding of biofilm mechanical properties in the past decade. 8, 9 In this experimental study, a key biofilm mechanical property (cohesive strength) is being presented as a primary biophysical mechanism that enables the biofilms to withstand mechanical stresses and physical assaults, and thus, contributing toward overall biofilm recalcitrance.
Materials and Methods
Biofilm mechanical properties. The biofilm mechanical property data for Pseudomonas aeruginosa and Staphylococcus epidermidis used here have been published previously. 10, 11 These single species biofilms were developed on 22 mm glass coupons (Fig. 1A ) in a rotating disk reactor, and subsequently tested using the microcantilever method ( Fig. 1B and C) . Details of bacteria, inocula preparation, biofilm development, and mechanical testing using the microcantilever methods have also been provided in detail in the aforementioned publications. It is also noteworthy that the strength metric reported and discussed in the current manuscript is cohesive strength, which quantifies the strength of biofilmbiofilm linkages. Another related term is adhesive strength, which refers to the strength of linkages at the biofilm-substratum interface.
Because multispecies biofilms are frequently encountered in engineered systems (eg, drinking water treatment plants, distribution systems, and wastewater treatment plants) and various natural environments (rivers and streams), additional data for multispecies biofilms were obtained for this study. Mississippi river water (MRW) was selected as a convenient and natural source for a multispecies bacterial inoculum used to cultivate multispecies laboratory biofilms.
For the MRW biofilm, a water sample was collected from the Mississippi River in Minneapolis, MN, filtered (5 µm filter, Millipore) to remove algae and larger particles, and cultured in R2A media on a shaker table at 37°C for 48 hours to obtain optical density at 600 nm of 0.9. Biofilms were grown from this inoculum in a rotating disk reactor, as described previously.
11 R2A medium was fed at a flow rate of 2.5 mL/minute, which resulted in a hydraulic residence time of 96 minutes, and biofilm-coated coupons were removed after 6 days of growth. Subsequently, mechanical testing was performed using the microcantilever method as described previously.
10
Fluid shear calculations on rotating disks. The fluid shear stress (τ), acting on a clean biofilm coupon during growth, was estimated using the equation for a smooth disk rotating in an infinite fluid:
Here the shear stress (τ) is a function of viscosity of the surrounding fluid (ν), the density of the fluid (ρ), the rotational speed of the disk (ω), and radial distance from the center of the disk (r). 12 The stress calculated here represents the stress faced by the bacteria in the biofilms, while the bacteria transitioned from the planktonic to a sessile phase on a clean coupon surface formed an agglomeration ultimately leading to a mature biofilm.
Results and Discussion
From the above experiments, average (mean ± standard error) cohesive strength values for P. aeruginosa biofilms, S. epidermidis biofilms, and MRW biofilms were 1,760 ± 400 Pa (n = 19), 1,470 ± 210 Pa (n = 47), and 27,510 ± 7,620 Pa (n = 13). In addition, the estimated shear stresses experienced by the three biofilms during growth were 0.07 Pa, 0.18 Pa, and 1.9 Pa, respectively. Thus, the cohesive strengths of the biofilms are four to five orders of magnitude greater than the shear stress experienced during growth (Fig. 2) .
Engineering designs of structures such as bridges and buildings incorporate a factor of safety (FOS). 13 The FOS is defined as a ratio of the structural strength (eg, of the building or bridge) to that of the applied loads. A biofilm FOS was calculated by taking the ratio of the measured cohesive strength to the estimated fluid shear stress. From the data in this study, the biofilm FOS values ranged from 330 to 55,000. The ability to compare biofilm FOS values with those from other research groups is limited because there are few reports on biofilm strength in the literature, and the tested biofilms are not usually grown under defined shear conditions (thus hindering the calculation of shear stress during growth). However, our results are in agreement with a previous report by Möhle et al (FOS = 200-1,100) who used fluid dynamic gauging to determine biofilm cohesive strength. 14 Typically, FOS values employed by engineers for the design of buildings and other structures are ,10.
13 Thus, these high biofilm FOS values are certainly surprising and seem counter-intuitive, because interspecies competition in nature dictates that organisms function at or near optimum efficiency to occupy a given niche. 15 Increasing EPS density to increase cohesive strength diverts resources that could be used for growth (ie, reproduction) or energy storage.
On the other hand, it is also possible that the actual forces experienced by the biofilm during growth, such as the local forces resulting from the biofilm surface morphology (ie, roughness) or dynamic forces during reactor startup and maintenance activities, far exceed the shear stress estimated as described earlier. Specifically, as a biofilm structure protrudes off the substratum into the flow regime, viscous forces increase dramatically and pressure forces (which are zero on the clean substratum) also begin to appear, thus adding to the net local shear stress. For example, Manz et al 16 reported that local shear stresses were up to an order of magnitude greater than the estimated average stress. Nevertheless, even with an order of magnitude correction to our estimated stresses, the FOS values are still quite high (33-5,500). Thus, it appears that bacterial biofilms are designed to withstand extreme forces and not just typical or average applied forces. However, more research is needed to elucidate the full range of stresses experienced by the biofilms grown for strength testing. Perhaps, experimental techniques such as particle image velocimetry or modeling approaches such as computational fluid dynamics could aid in these efforts.
Finally, it could also be argued that the strength of the biofilm matrix is not dictated by the applied fluid shear but is merely coincidental because the EPS composition and density are dictated by other purposes such as serving as a defense from biocides 17 or as a cache of stored food. 18, 19 If this were the case, one would not expect the strength to increase with fluid shear. Nevertheless, correlations between strength and the fluid shear experienced by the biofilm during growth have been reported in the literature. [20] [21] [22] This indicates that higher shear conditions actually select for stronger biofilms. If this is the case, then either the bacteria in the biofilm sense the increased shear and respond by changing EPS composition, increasing EPS density, or both or the weak EPS and the bacteria that secreted them are simply washed away leaving the stronger biofilm formers behind. 22 Our findings offer a possible explanation for the persistence of biofilms in nature and medicine. For example, shear forces in the bronchial tubes of patients with cystic fibrosis (CF) need to exceed the strength of the resident P. aeruginosa biofilms in order to dislodge them. Unfortunately, the shear forces generated in bronchial tubes, even during peak airflow events such as coughing, are at most a few Pa (Table 1) . Interestingly, one successful therapy for treating early biofilm development in patients with CF is to employ DNase to weaken the biofilm, as it appears extracellular DNA is an important structural component of these biofilms. 23 Additionally, shear stress data in engineering scenarios (eg, open channel flows and membrane systems), where undesirable biofilms persist (Table 1) , support the argument of biofilm persistence due to a mechanical advantage.
Conclusion
In conclusion, attempting to simply kill bacteria (ie, antimicrobial treatment) is often insufficient when dealing with biofilms. Weakening the biofilm to promote detachment followed by washout or subsequent biocidal inactivation of the detached biomass is another perhaps more effective approach to dealing with this problem that should be considered.
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